Adult rabbits were inoculated orally (or duodenally) with virulent Vibrio cholerae 01. Jejunal colonization occurred only when hypoperistalsis was induced at the time of inoculation by tincture of opium given intraperitoneally (or by temporary ileal obstruction). For oral inoculation, prior neutralization of gastric acid was also required. Inoculation with 109 V. cholerae caused jejunal colonization for 1 to 2 days and ileal colonization for 5 to 6 days. The extent of small bowel colonization 18 h after oral inoculation was related to inoculum size but also reflected limited multiplication of small inoculum sizes and net death, clearance of large inoculum sizes, or both. Serious diarrhea occurred only in rabbits fed large inoculum sizes, i.e., 1010 V. cholerae, and then rarely. Rabbits colonized once with 1010 V. cholerae became highly resistant to recolonization with either the same or opposite serotype. After 18 weeks, these rabbits were still partially protected, whereas twice-colonized rabbits were highly protected. Protection against recolonization appeared to be due, at least partly, to interference with the adherence of V. cholerae to the bowel mucosa, thus allowing rapid removal of V. cholerae when peristalsis resumed. Prior colonization also protected against cholera-like diarrhea in rabbits challenged by the removable intestinal tie-adult rabbit diarrhea technique, the 50% effective dose for severe or lethal diarrhea being increased more than 100-fold, and probably more than 10,000-fold, for challenge with either the homologous or heterologous serotype of V. cholerae. The described rabbit model appears well suited for the study of immunity evoked by enteric colonization with V. cholerae 01.
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Intestinal colonization of humans with virulent V. cholerae 01 stimulates substantial, lasting immunity against reinfection (2, 9, 12) . Such protection is probably due to secretory immunoglobulin A (IgA) antibodies produced in the intestinal lamina propria and directed against various antigens of the organism or its secreted antigenic products. These observations are the basis for current attempts to develop an effective oral vaccine for cholera by using antigenic products (16, 22) or live avirulent mutants (1, 10) (19) by the drop-plate method (11) . Inocula were prepared by diluting the bacterial suspension in fresh Casamino yeast extract medium.
Rabbit inoculation for enteric colonization. Rabbits were fasted overnight before inoculation. In the first study, the inoculum was given intraduodenally through a small laparotomy. Rabbits were sedated with 0.05 ml of Inovar given intramuscularly (PitmanMoore, Inc., Washington Crossing, N.J.) and restrained; the incision site was anesthetized with 2% lidocaine. The 10-ml inoculum was injected directly into the duodenum through a no. 25 needle, the ileum having first been obstructed with a no. 11 umbilical tape tie in a slip knot about 5 cm from the mesoappendix. Ends of the slip knot were brought out through the incision, which was then closed. After 2 h, the ileal tie was gently removed, and the remaining skin opening was sutured.
In all subsequent studies, the inoculum was given intragastrically, usually after neutralization of gastric acid. The latter procedure involved 50 mg of cimetidine per kg, given intravenously at time 0, and 15 ml of NaHCO3 (5 g/100 ml of H20), administered by gastric tube at 15 and 30 min. Preliminary studies showed that this fully neutralizes gastric acidity, i.e., pH >6.5 for at least 30 min after the second dose of NaHCO3. The V. cholerae inoculum in 15 ml of Casamino yeast extract medium was given by gastric tube immediately after the second dose of NaHCO3. At 30 min, 2 ml of tincture of opium, containing 10 mg of morphine, was given intraperitoneally (i.p.). In some studies (see below), the tincture of opium, the gastric neutralization procedure, or both were omitted.
Quantitation of intestinal colonization. At the indicated interval after inoculation, rabbits were killed with intravenous pentobarbital. The abdomen was opened, and the distal ileum was located. Beginning 10 cm proximal to the mesoappendix and moving cephalad, a 10-cm segment of ileum was isolated by ties. In similar fashion, a 10-cm segment of jejunum was isolated, beginning 10 cm distal to the ligament of Treitz and moving caudad. Each segment was removed, measured, and any fluid content collected in a sterile glass cylinder. The segment was then opened and washed by dipping and rotating it 10 times in 20 ml of sterile phosphate-buffered saline. After excess fluid was drained away, the segment was weighed and homogenized in a Potter-Elvehjem homogenizer containing 5 ml of sterile phosphate-buffered saline using a tefloncoated pestle. The homogenate and the wash fluid, including any fluid in the segment, were then each cultured quantitatively for V. cholerae. Bacteria recovered from washed intestine were considered adherent, and those in the intestinal washing were considered nonadherent. Rectal swab cultures were also obtained, plated directly onto thiosulfate-citrate-bile salts-sucrose agar,and incubated overnight at 37°C. V. cholerae were identified by typical colonial appearance.
In one study, the number of V. cholerae in the entire small bowel was determined. Ties were placed immediately below the pylorus and just proximal to the ileocecal valve. The entire small bowel was removed, divided into several segments, and homogenized (with its contents) as above. The homogenates were then pooled, and quantitative cultures for V. cholerae were performed. Rabbits challenged by the RITARD technique. In some studies, rabbits were challenged intraduodenally with varying inocula of V. cholerae Ogawa 395 by the removable intestinal tie-adult rabbit diarrhea (RI-TARD) technique as described by Spira et al. (21) . Briefly, this involved permanent obstruction of the cecal orifice with an umbilical tape tie, intraduodenal inoculation with viable V. cholerae, and simultaneous ileal obstruction for 2 h with a removeable tie as described above. After inoculation, rabbits were caged separately over a germicidal liquid bedding, given food and water freely, and observed for diarrhea twice daily for 5 days. When previously colonized rabbits were challenged, age-matched controls not previously colonized were given the same inoculum. Results were recorded as: no diarrhea, mild diarrhea (minimal perirectal fecal staining), severe diarrhea (marked perirectal fecal staining), and lethal diarrhea. Rectal swabs for culture of V. cholerae were taken on days 1 and 3 after inoculation.
RESULTS
Intestinal colonization with V. cholerae. (i) Duration of colonization after intraduodenal inoculation. Intraduodenal inoculation with 109 V. cholerae Ogawa 395, combined with temporary ileal obstruction, caused jejunal colonization for 1 to 2 days and ileal colonization for 5 to 6 days ( Fig.  1 ). Bacterial counts on washed, homogenized intestines were greatest on day 1 (nearly 105 and 107 per g ofjejunum and ileum, respectively) and then declined steadily. No rabbits developed diarrhea.
(ii) Development of an effective oral inoculation technique. The preceding study showed that V. cholerae can colonize rabbit intestines when transient hypoperistalsis is induced by ileal obstruction at the time of duodenal inoculation. Further studies determined whether similar colonization could be achieved without surgical manipulation, the inoculum being given intragastrically. Specifically evaluated were the importance of careful neutralization of gastric acid prior to inoculation, and the induction of tempo- rary hypoperistalsis by i.p. tincture of opium, rather than a temporary ileal obstruction. At 18 h after gastric inoculation of 1010 V. cholerae Ogawa 395, comparable colonization of the jejunum and the ileum was achieved, provided that gastric acid was fully neutralized before inoculation and temporary hypopersistalsis was produced either by a 2 h ileal obstruction or i.p. opium (Table 1) . Omission of the ileal tie or opium caused colonization levels that were 2.4 to 3.4 logs lower; when gastric neutralization was also omitted, virtually no colonization occurred. Because of its simplicity, all subsequent colonization studies used the technique of intragastric inoculation preceded by gastric neutralization and followed by i.p. opium.
(iii) Colonization achieved by various gastric inocula of V. cholerae. Figure 2 gastric inocula of 108 or greater caused jejunal and ileal colonization after 18 h equal to that seen in the previously studied, surgically manipulated rabbits (Fig. 1) . Lower inocula caused proportionately lower levels of colonization. The dose-response curve, however, had a slope of less than 1, i.e., the colonization achieved per log of inoculum was greater with small inocula than with large ones. Similar results were obtained using either V. cholerae Ogawa 395 or Inaba B36237. As in previous studies, bacterial counts were consistantly greater in the ileum than the jejunum. After inoculation, diarrhea occurred only in rabbits given inocula of 1010 bacteria. Of these animals, 2.4% died with evidence of severe intestinal fluid secretion; among the remainder, however, diarrhea was rare.
In additional studies, groups of three rabbits Rabbits were colonized once with 1010 V. cholerae Ogawa 395 or Inaba B36237. After 3 to 18 weeks, these rabbits and age-matched controls not previously colonized were inoculated with 1010 V. cholerae Ogawa 395. Rabbits colonized once were almost completely resistant to homologous recolonization for 8 weeks, and were still partially resistant after 18 weeks; when colonized twice with a 3-week interval, nearly complete resistance to homologous recolonization lasted more than 18 weeks (Table 2) . Complete resistance to recolonization with the heterologous serotype of V. cholerae was also demonstrated 3 weeks after primary colonization. The number of viable V. cholerae recovered from the intestinal wash and from washed homogenized intestine were nearly identical under all conditions studied ( Table 2) .
(ii) Time course of intestinal colonization and recolonization. Figure 3 num and ileum were constant for the first 5 h, but were 1 to 2 logs lower than after primary colonization; thereafter, however, V. cholerae numbers declined sharply, becoming nearly undetectable in the jejunum by 7.5 h, and being 3 and 5 logs lower in the ileum, after 7.5 and 18 h, respectively. The sharp decline in V. cholerae counts in the jejunum at 7.5 h, was significantly diminished, however, when rabbits were given a second i.p. dose of tincture of opium 210 min after inoculation (Table 3) . In all of the preceding studies, bacterial counts in jejunal and ileal washings were essentially identical to those in homogenates of washed intestine (data not shown).
(iii) Protection against experimental cholera in previously colonized rabbits. The effect of previous colonization with 1010 V. cholerae Ogawa 395 on the outcome of homologous challenge 3 weeks later by the RITARD technique is summarized in Table 4 . In nonimmune control rabbits, the ED50 for severe or lethal diarrhea was 107 V. cholerae, and 1011 bacteria caused severe disease in 93% of animals. In contrast, previously colonized rabbits were highly protected against challenge with V. cholerae of either the homologous (109) or heterologous (1011) serotypes. Additionally, postchallenge rectal swabs were positive for V. cholerae in only 29 to 38% of previously colonized rabbits, but were positive in 83 to 92% of similarly challenged controls.
DISCUSSION
This study shows that adult rabbits can be enterically colonized with virulent V. cholerae 01 provided that intestinal peristalsis is temporarily slowed so that the bacteria can adhere to small bowel mucosa rather than be swept downstream to the colon. This effect was achieved equally by tincture of opium given i.p. or by temporary ileal obstruction. Both procedures diminish intestinal peristalsis for several hours and have been previously used to experimentally promote gut colonization with enteric pathogens (6, 20, 21) ; the former has the practical advantage of being nonsurgical. When V. cholerae cells were given orally, it was also essential to neutralize gastric acid before inoculation; otherwise, the bacteria, which die quickly at pH values of less than 5.0 (14), do not survive transit of the stomach. This observation agrees with studies of volunteers, in whom the ED50 for severe diarrhea was reduced 4 logs by neutralizing stomach acid before oral inoculation with V. cholerae (13) .
Although enteric colonization occurred, and lasted 5 to 6 days in the ileum, the process was (21) . The greater multiplication of V. cholerae in the RITARD model probably reflects greater alterations in intestinal physiology due to the surgical modifications employed (i.e., temporary ileal obstruction and cecal ligation). These results also contrast to those in susceptible humans, in whom a small inocul (e.g., 104 bacteria) usually multiply until diarrhea occurs (13) . The reasons for species differences in the efficiency of mucosal colonization by V. cholerae are not known, but are likely to become clearer when its mucosal adherence mechanisms are better understood.
Rabbits inoculated once with 1010 virulent V. cholerae were markedly resistant to recolonization with the same strain for 8 weeks, and partially resistant for at least 18 weeks. Although specific antibody responses in serum or gut secretions were not measured, it is likely that protection against this noninvasive organism was mediated by intestinal secretory immunoglobulin A antibodies stimulated by the initial colonization. The higher level of protection after 18 weeks in twice-colonized rabbits suggests that the second colonization evoked antibody responses that were greater, longer lasting, or of higher specific affinity (or some combination of these) than occurred after the first colonization. Evidence that rabbits colonized once were also highly resistant to recolonization with the heterologous serotype of V. cholerae indicates a significant protective role for antibodies directed against one or more antigens shared by both serotypes of V. cholerae 01. These antigens are bacterial surface antigens (e.g., the group-specific portion of capsular lipopolysaccharides, flagellar antigens, and outer membrane proteins) and secreted antigens that possibly aid the colonization process (e.g., protease, certain hemagglutinins (5), and cholera toxin). Several of these antigens have already been shown to stimulate protective immune responses in experimental animals (16, 17, 22, 24) .
One evidence of resistance to recolonization was the abrupt decline in small bowel bacterial counts between 5 and 7.5 h after reinoculation. This could have at least two explanations. First, preexisting secretory antibodies might prevent mucosal colonization by binding to superficial colonization factor antigens (5), or by immobilizing or agglutinating bacteria so that they could not migrate efficiently to the epithelial surface (18) . In such a case, the viable inoculum would adhere poorly and might be easily swept away when normal peristalsis resumed. This possibility is supported by evidence that a second i.p. dose of opium, 3 h after the first, caused prolonged high-level colonization of the jejunum, and to a lesser extent the ileum. Apparently, the second dose of opium delayed the return of normal peristalsis and, thus, postponed bacterial clearance. However, attempts to show that V. cholerae were actually less adherent in immunized rabbits, by comparing the relative proportions of adherent (washed intestine) and nonadherent (intestinal washing) bacteria with those in nonimmune rabbits, were unsuccessful. A second possibility, not examined in this study, is that secretory antibodies had a bactericidal effect, directly inhibited bacterial multiplication, or both. That both mechanisms may have contributed to the observed protection is not excluded.
In most aspects of this study, colonizationinduced immunity was measured by resistance to recolonization. It was also shown, however, that prior colonization with 1010 V. cholerae protected rabbits against experimental cholera when challenged by the RITARD technique. Although such protection may have been due partly to antitoxic immunity, its demonstration accords with the view that immunization which protects against mucosal colonization will also protect against clinical cholera. The extent of this protection was not determined precisely, but was at least 100-fold, and probably in excess of 10,000-fold, as measured by the increased ED50s for homologous and heterologous serotype challenges, respectively.
The ease with which immunity to recolonization and disease was induced by oral colonization with viable V. cholerae contrasts with prior studies on enteric immunization of rabbits with a nonliving antigen, cholera toxin. In those studies, 15 to 20 oral doses of antigen were required before antitoxic protection was demonstrable (7) . Although several explanations of this apparent difference in immunizing efficiency are possible, two are of particular interest. First, it is possible that motile V. cholerae reach the epithelial surface more efficiently than does a soluble antigen and thus are more available for uptake by antigen sampling mechanisms of the mucosa. Second, immunity to recolonization may reflect highly efficient, synergistic protection by antibodies against several bacterial antigens; evidence for such synergistic protection has been described in animals immunized with combined antigens of V. cholerae (15, 16, 22 
